firA mutations of Escherichia coli can render RNA synthesis thermosensitive and confer abnormal sensitivity to rifampicin, an antibiotic that specifically inhibits the activity of RNA polymerase. We previously described the cloning of a chromosomal HindIII fragment containing the firA gene, and we now present strong evidence that the product of this gene is a 17,000-dalton polypeptide which, by various criteria, closely resembles the eukaryotic histones. This protein forms the largest of a unique set of three abundant histone-like proteins (HLP) found in E. coli and is hence referred to as HLPI. We discuss possible routes by which these proteins might affect transcription.
Transcription in Escherichia coli and other prokaryotes, in contrast to higher organisms, is performed by a single multisubunit RNA polymerase. Although the RNA polymerase holoenzyme is able to initiate and to terminate transcription correctly on certain natural DNA templates in vitro, a substantial number of accessory factors have been reported that have the potential to modify its activity in vivo (for a review, see ref. 1) . Except for termination factor p and catabolite gene factor CAP (2) (3) (4) , no in vivo role has been determined for these proteins. In order to clarify further the role of such accessory factors we have been interested in mutations that affect transcription but whose map positions show that they do not affect the primary structure of any of the RNA polymerase subunits.
One such class (fir) comprises mutations that decrease or eliminate the rifampicin resistance conferred by rife mutations of the RNA polymerase 3 subunit gene. Certain fir mutations may also cause transcription thermosensitivity in vivo, suggesting a direct interaction between the RNA polymerase and the products of these genes (5, 1) .
ThefirA gene, located at about 4 min on the E. coli map (6) , has been the prime target of our investigations. We previously described the cloning of a chromosomal HindIII fragment containing the firA gene (7) and reported that this DNA fragment contained the genetic information for an abundant, 17,000-dalton, basic, DNA-binding protein (designated previously "Fir-17") (8) . Analysis of a new firA mutation now provides strong evidence that the 17,000-dalton protein is the firA gene product. This protein is the largest of a unique set of three histone-like proteins (HLP) referred to here as I, Ila, and I~b. By various criteria, a mixture of HLPIIa and -Ilb is identical to the previously described proteins HU, HD, and NS (9) (10) (11) .
MATERIALS AND METHODS
Bacterial and Phage Strains. Transducing phages XdapD9 and XpoIC43 (12) and strains MT42 and MT49 were generously provided by M. Yamamoto and M. Nomura. The isolation of firA transducing phages and fir-defective mutants thereof has been described (7) . Transducing phages Xpan 12, XpopC3, and XpopC9 were isolated after induction of a second-site X lysogen inserted within the tonA gene (unpublished data). Techniques for testing transducing phages for the suppression of bacterial mutations and for P1 transduction have been described (7, 13) .
Strain RL25 (metB tonA firA200 HfrP4X) was produced by P1 transduction of P4XSB4 (metB pan HfrP4X) from RL1, a tonA derivative of the firA200 mutant RCB200 (5) . Strains RL401-RL468 (carrying mutations tsl-ts68) were produced by Pl-transduction mutagenesis of RL52, a metD derivative of P4XSB4, as described (13) . Strains PA5 (his rpoB6 proA strA), PA2a (his argH metA firA200 strA), and PA6a (his rpoB6 firA200 strA) were obtained by transduction of strain PA505 [his argH metA p7roA strA (5) Germany) and precipitation with acetone before solubilization in two-dimensional gel sample buffer gave similar results. For HLP preparation, strains were grown to the onset of stationary phase at 320C, washed, and resuspended in 10 mM Tris-HCl, pH 8.0/100 mM MgCl2 (5 ml/g of wet cells) at 4°C. DNase I was added to 10 ,ug/ml, and the cells were disrupted by sonication on ice (six 15-sec bursts). Unbroken cells were removed by centrifugation (2000 X g, 20 min) and the supernatant was centrifuged at 37,000 X g for 1 hr and then at 150,000 X g for 2 hr (40C). The membrane (37,000 X g) and ribosomal (150,000 X g) pellets were resuspended in the same buffer and recentrifuged before extraction of proteins with 66% acetic acid/ 0.033 M Mg acetate followed by precipitation with acetone as before. Alternatively, membrane proteins were extracted as described by Rolfe and Onedera (14) ; both methods yielded essentially the same results.
The 150,000 X g supernatant was recentrifuged to remove residual ribosomes and, after addition of dithiothreitol to 1 Labeling of RNA. Early logarithmic-phase cultures growing in minimal 132 medium (13) containing 0.5% glucose, L-methionine (40,ug/ml), pantothenic acid (20,ug/ml), and uridine (75 ,g/ml) were supplemented with [3H]uridine (50 Ci/mmol; Amersham; 1 Ci = 3.7 X 1010 becquerels) to 1 ,uCi/ml, and incubation was continued at 320C for 1 hr before transfer to 420C. Cultures were diluted after 90 min into the same prewarmed medium to maintain exponential growth and the results were normalized. Aliquots (200,ul) from the cultures were diluted into ice-cold 5% trichloroacetic acid, and the precipitated RNA was collected onto glass-fiber filters (GF/A; Whatman), washed, dried, and assayed for radioactivity.
RESULTS
Localized Mutagenesis and Mapping of Mutations. As a first step toward obtaining new firA mutations, localized mutagenesis was performed (13) . A lysate of the generalized transducing phage P1 was mutagenized with hydroxylamine and used to transduce strain RL52 simultaneously to pan+ and metD+ at 320C. Transductants were tested for their ability to grow at 420C on rich medium supplemented with diaminopimelic acid and 6-aminolevulinic acid to eliminate mutants of the adjacent dap and pop genes; strains unable to grow under these conditions were retained (13) .
In order to map these new mutations the strains were spottested for growth at the restrictive temperature after infection with transducing phages spanning the pan-to-polC segment of the chromosome. tation analysis using mutant firA transducing phages. Derivatives of these phages had been isolated which were unable to suppress the thermosensitivity conferred by the original firA200 allele (7) and the suppression pattern obtained with these phages allocated the mutations to four complementation groups (Table  1 ). In view of the heavy mutagenesis used to generate the firA-defective transducing phages (7) this represents the minimal number of complementation groups within this chromosomal segment.
We could thus exclude the possibility that four of the six new mutations in this segment of the chromosome might lie infirA. Because the original firA200 mutation causes the arrest of RNA synthesis at the nonpermissive temperature, we tested the remaining two mutants (ts36 and ts53) for this phenotype. Strains carrying the ts36 and firA200 mutations exhibited a qualitatively similar arrest of RNA accumulation at 42°C (Fig. 2 ) whereas the other strains tested accumulated RNA for some considerable time, albeit at a reduced rate. All strains accumulated RNA at near-normal rates at 320C as did the ts36(21firA8) lysogen at 42°C (not shown).
Because the rifampicin resistance conferred by rpoB6, a rift mutation of the RNA polymerase ,B subunit gene, is largely eliminated by the firA200 mutation (5), to confirm that ts36 lies in firA we observed that ts36 also substantially decreases the level of rifampicin resistance conferred by rpoB6 (Table  2 ). In addition, the introduction of the rpoB6 allele acts in a reciprocal manner to increase the thermosensitivity conferred by both the firA200 and ts36 alleles (data not shown). Both the thermosensitivity enhancement and the reduction in rifampicin resistance were specific for the rpoB6 allele. Because in all our tests the ts36 mutation resembled the firA200 mutation, we conclude that ts36 lies in firA; this mutation is hence referred to as firA36.
Strain RL436 (firA36) Lacks a Major 17,000-Dalton Protein. The segment of the chromosome carried by the firA transducing phages codes for at least one major protein species, a 17,000-dalton protein that is clearly visible upon two-dimensional polyacrylamide gel electrophoresis of total cellular protein (8) . In contrast, the extract of strain RL436 (firA36) lacked the 17,000-dalton spot ( Fig. 3b; (Fig. 4a) , the supernatant fraction contained only two basic proteins (Fig. 4b) . Protein I was identified as the Fig. 4 (Fig. 5) . Protein I was absent from strain RL436 (Fig. 5b) and protein II was partially resolved into two subspecies. We determined the molecular weights of proteins I and II by electrophoresing proteins present in the heatstable, acid-soluble, high-speed supernatant first toward the cathode at pH 8.7 and then, after elution from the sliced gel, in a second dimension in the presence of NaDodSO4. Apart from minor contaminants, only proteins I (17,000 daltons) and II (9000 daltons) appeared on the gel (Fig. 6) .
Unlike the vast majority of (nonribosomal) proteins, at high salt and urea concentrations the eukaryotic histones show little if any affinity for hydroxyapatite (19) . TQ confirm the histone-like nature of proteins I and II, we adsorbed the acid-soluble and heat-stable high-speed supernatant fraction of E. coil to hydroxyapatite and examined unbound proteins by gel electrophoresis in the presence of NaDodSO4. Three proteins survived this procedure ( Fig.-7) ; protein I (17,000 daltons) was absent from the mutant strain (Fig. 7b) and protein II was identified by two-dimensional gel electrophoresis (not shown) and molecular weight. Fig. 7 is not a histone-like protein because it is at most only weakly basic (not shown) and did not migrate toward the cathode at pH 8.7 (see Fig. 6 ). The faint band in Fig.  7 with an apparent molecular weight of about 28 8, lane b) was restored in one of the revertant strains tested (Fig.  8, lanes d and e) . An additional five of five revertants between pan and metD showed partial recovery of HLPI (not shown).
The observation that firA36 strains lack HLPI, and that spontaneous reversion can restore this protein, is consistent with the conclusion that HLPI is the product of the firA gene; this point is discussed below.
DISCUSSION
We earlier described the cloning of a 7.2-kilobase chromosomal restriction fragment containing the firA gene which stimulated the synthesis of a 17,000-dalton DNA-binding protein in ultraviolet light-inactivated bacteria (7, 8) . We were unable to identify this protein as the firA gene product. From a range of new mutants produced by mutagenesis of the chromosomal region surrounding firA, a strain has been isolated which carries a new mutation, firA36, within this gene. Moreover, the 17,000-dalton protein appears to be missing from extracts of firA36 strains and certain spontaneous thermoresistant revertants of such strains recover this protein. rule out the possibility, among others, that the product of the firA gene might be a positive effector for the expression of the 17,000-dalton protein, in the absence of contradictory evidence we favor the simpler conclusion that the 17,000-dalton protein is the product of the firA gene.
The apparent lack of 17,000-dalton protein in the mutant allowed us, by comparison with the wild type, to monitor the biochemical purification of this protein. We thus determined that the presumptive product of the firA gene is the largest of a unique set of histone-like proteins present in E. coli. These proteins, HLPI (17,000-dalton protein) and HLPII, are present in extremely large quantities (approximately 20,000 and 80,000-120,000 copies per cell, respectively) and resemble histones in their charge, acid solubility, heat stability, and lack of affinity for hydroxyapatite. They also bind to DNA (data not presented) and, unlike certain ribosomal proteins they resemble, are not found associated with the native ribosome.
HLPI may be identical to the abundant DNA-binding protein K (17,000 daltons) described by Schafer and Zillig (20) . HLPII is very probably identical to the proteins HU, HD, and NS (9-11) because these have the same molecular weight (9000), are present in very large quantities in the cell, are basic, and bind to DNA (21) (22) (23) . Additional evidence is provided by our observation that HLPII comprises two subspecies, IIa and UIb, which are partially resolved upon two-dimensional gel electrophoresis; for HU, HD, and NS are reported to occur as a mixture of two proteins with slightly different primary structures (24, 11) . The formal possibility that HLPI might be a stable dimer of HLPII is probably ruled out by the absence of HLPI from anti-HLPII immunoprecipitates of total cellular protein (25) .
The observation that the prokaryote E. coli, like the eukaryotes, possesses a class of histone-like proteins inevitably raises the question of whether the prokaryotic proteins, like histones, might play a role in the condensation of DNA. Under certain conditions, prokaryotic DNA can be visualized as a repeating particulate structure (26) and Varshavsky et al. (27) reported that the fragmented bacterial genome can be isolated as a complex with two proteins, BH1 (17,000 daltons) and BH2 (9000 daltons). Although BH2 is probably identical to HLPII, BH1 has not been shown to be identical to HLPI and could in fact be identical with H1, a neutral DNA-binding protein described previously (28) , which is itself distinct from HLPI (unpublished data). We thus hesitate to suggest a role for HLPI in chromosomal condensation. Reports that HLPII will condense DNA in vitro (9, 21, 22) and introduce, as do histones, negative superhelical turns into the DNA helix (21), however, do suggest the involvement of HLPII in chromosomal condensation. Surprisingly, the HLP content of stationary phase E. coli predicts a ratio of approximately 1 copy of HLPI and 2-3 of each HLPIIa and IIb per 205 base pairs, a remarkable numerical coincidence to the size of the basic repeating unit [154-241 base pairs (29) ] of chromosomal condensation in higher organisms. We stress that this coincidence relies upon an approximate estimate of the HLPI content [20,000 i 5,000 copies per cell (8) ] and is subject to revision as accurate determinations become available.
We have presented evidence to suggest that HLPI is the product of the firA gene. The observation that mutations affecting firA may cause not only transcription thermosensitivity but also abnormal rifampicin sensitivity argues firmly for an interaction between HLPI and the RNA polymerase. As we were previously unable to demonstrate the existence of a stable complex between HLPI and the RNA polymerase (8) , in what manner might HLPI interact with the RNA polymerase to affect the rifampicin-and heat-sensitivity of the enzyme? We can speculate that DNA-bound HLPI could enhance the binding of free polymerase to the chromosome and consequently decrease the susceptibility of the enzyme to heat and rifampicin. The additional possibility exists that HLPI might interact with nascent RNA behind the transcribing polymerase, for mutations affecting the RNA-binding transcription-termination factor rho can also decrease the rifampicin resistance of certain E. coli strains (30) . In support of a RNA binding role, HLPI resembles the basic and heat-stable host factor II activity implicated in the replication of certain RNA bacteriophages (31) and, at the restrictive temperature, a presumptive HLPI mutant (firA200) is defective in the replication of such a phage (5) .
